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As the COVID-19 pandemic is still ongoing, and considering the lack of efficacy of antiviral strategies to this date, and the reactive
hyperinflammation leading to tissue lesions and pneumonia, effective treatments targeting the dysregulated immune response are
more than ever required. Immunomodulatory and immunosuppressive drugs have been repurposed in severe COVID-19 with
contrasting results. The heterogeneity in the timing of treatments administrations could be accountable for these discrepancies.
Indeed, many studies included patients at different timepoints of infection, potentially hiding the beneficial effects of a time-
adapted intervention. We aim to review the available data on the kinetics of the immune response in beta-coronaviruses infections,
from animal models and longitudinal human studies, and propose a four-step model of severe COVID-19 timeline. Then, we discuss
the results of the clinical trials of immune interventions with regards to the timing of administration, and finally suggest a time

frame in order to delineate the best timepoint for each treatment.

Mucosal Immunology (2022) 15:198-210; https://doi.org/10.1038/s41385-021-00464-w

INTRODUCTION

As evidence of a dysfunctional immune response emerged during
SARS-CoV2 symptomatic infection, physicians quickly developed
clinical trials to assess the potential effect of immunomodulatory
and immunosuppressive drugs in severe COVID-19 patients.
However, results from these reports are contrasted. This hetero-
geneity could be explained by differences in the timing of
treatment administration from the onset of infection.

Indeed, both severe COVID-19 clinical and immunological
features appear to follow a stereotyped course, similar to other
pathogenic coronaviruses (SARS-CoV-1 and MERS-CoV), including
several progressive steps from viral inoculation to immune
dysregulation leading to tissue injuries. Each of these steps could
be considered as a potential therapeutic target.

We postulate that this succession of immune events is
mandatory in severe COVID-19 pathogenesis and follows a
reproducible timeline, thus helping to determine the best timing
for immunomodulation or immunosuppression strategies. Such
timing is a key factor in treatment success, as premature
immunosuppression could be detrimental by preventing the rise
of an efficient immune response while a late therapeutic
intervention might not be able to avoid tissue damage and
circumvent exhaustion of the immune response.

Our review aims to describe the kinetics of infection and
immune response in coronaviruses infection and to reconsider
data from immunomodulatory and immunosuppressive drugs
clinical studies as well as passive immune interventions with
regards to timing, in order to pinpoint the best timepoint for
immunomodulation and immunosuppression in COVID-19.

CLINICAL AND BIOLOGICAL KINETICS OF MODERATE TO
SEVERE COVID-19: A REPRODUCIBLE COURSE

Despite a certain degree of heterogeneity in the clinical
presentation of COVID-19 patients in clinical trials, several clinical
and biological features of the disease appear to be consistent
between patients and can be considered as milestones of
the disease evolution in immunocompetent patients, which might
be different in patients with immune deficiencies particularly
those with B cell depletion.

To begin with, the incubation period seems to be well-
preserved among betacoronaviruses, supporting a reproducible
pathogenic course from inoculation to the onset of symptoms.
Indeed, a pooled analysis estimated that the incubation period
in COVID-19 was 5.1 days (IQR [4.5-5.8]), while it was 5 days (IQR
[2-14]) in SARS-CoV and 5-7 days (IQR [2-14]) in MERS-CoV
infections’. It should also be noted that the incubation period is
relatively homogenous between COVID-19 patients, reflected
by the narrow interquartile ranges. Furthermore, in the same
study, 97.5% of the patients developed symptoms within
11.5 days (IQR [8.2-15.6]) while only 1% did so 14 days after
infection’.

Viral load kinetic also follows a reproducible temporal dynamic,
peaking at the day of symptoms onset and then progressively
decreasing in three weeks, irrespective of the severity®. Moreover,
the timespan of live virus isolation ranges from inoculation to
5-7 days after symptoms onset, as shown by negative viral
cultures from pulmonary samples after one week of symptoms
and by decreased contagiousness in patients who present
symptoms for more than 5 days>*.
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Table 1.

Observational clinical studies

Country

Patients (n)

DfSO to first medical consultation (days, [IQR])
DfSO to dyspnea (days, [IQR])

DfSO to sepsis (days, [IQR])

DfSO to Hospital admission (days, [IQRI)
DfSO to ARDS (days, [IQR])

DfSO to ICU admission (days, [IQRI)
DfSO to IMV (days, [IQR])

DfSO to ECMO (days)

DfSO to death (days, [IQR])

Chen et al."*
China

274

4.0 [1.0-7.0]
NA

NA

10.0 [7.0-12.0]
NA

NA

NA

NA

16.0 [12.0-20.0]

Zhou et al.'**

Wang et al.’**

COVID-19 symptoms timeline: review of observational clinical studies according to the day of symptoms onset.

Huang et al.*?

Matsunaga et al.'?¢

China China China Japan

191 138 41 2638

NA NA NA NA

7:0 [4.0-9.0] 5.0 [1.0-10.0] 8.0 [5.0-13.0] NA

9:0 [7.0-13.0] NA NA NA

11.0 [8.0-14.0] 7.0 [4.0-8.0] 7.0 [4.0-8.0] 7.0 [4.0-10.0]
12.0 [8.0-15.0] 8.0 [6.0-12.0] 9.0 [8.0-14.0] NA

12.0 [8.0-15.0] NA 10.5 [8.0-17.0] NA

NA NA 10.5 [7.0-14.0] 8.0

NA NA NA 12.0

18.5 [15.0-22-0] NA NA 17.0 [11.0-24.0]

DfSO days from symptoms onset, ARDS acute respiratory distress syndrome, ICU intensive care unit, IMV invasive mechanical ventilation, ECMO extracorporeal

membrane oxygenation, NA not available, IQR inter-quartile interval.

Patient state Descriptor Score

Uninfected Uninfected; no viral RNA detected 0
Asymtomatic; viral RNA detected 1

Ambulatory mild disease Symptomatic; independent 2
Symptomatic; assistance needed 3
Hospitalised; no oxygen thera 4

Hospitalised: moderate disease p! I X9 id
Hospitalised; oxygen by mask or nasal prongs 5
Hospitalised; oxygen by NIV or high flow 6

el a Intubation and mechanical ventilation, pO,/FIO,, =150 or SpO,/FIO,, =200 7

ospitalised: severe diseases
P Mechanical ventilation SpO,/FIO,, <150 (SpO2/FIO,, <200) or vasopressors 8

Mechanical ventilation SpO,/FIO,, <150 and vasopressors, dialysis, or ECMO 9

Dead Dead 10

Fig. 1

Third, as suggested by a recent modeling study, the course of
symptoms follows a stereotyped order, starting with fever, then
cough, sore throat, headache, myalgia, nausea and vomiting, and
finally diarrhea®.

Last, data from observational studies revealed quite early in the
pandemic history a reproducible timeline from symptoms onset
(DfSO) to disease evolution: dyspnea (5-8 DfSO), hospitalization in
general ward (7-11 DfSO), acute respiratory distress syndrome
(ARDS) (8-12 DfSO), hospitalization in ICU (10.5-12 DfSO), the
need of IMV (invasive mechanical ventilation) (8-10.5 DfSO) or
mortality (16-18.5 DfSO) (Table 1). These early epidemiological
data were later confirmed by retrospective cohort studies and
clinical trials. However, we acknowledge that some factors of
heterogeneity in the disease course remain, due for example to
the occurrence of severe thrombosis and/or secondary bacterial
infections. Thus, despite a high level of reproducibility, these
timepoints may not account for all patients trajectories.

Additionally, and although being helpful to evaluate the stage
of the disease, the DfSO assessment relies on patient’s declaration
and perception of the first symptoms and thus implies variability.
To outmatch this limit, other indicators of the disease course can
be used as landmarks, such as biological markers of inflammation
and oxygen levels requirements. Indeed, many studies reported a

Mucosal Immunology (2022) 15:198-210

WHO clinical progression scale (reproduced from www.who.int

12)'

significant association between increased CRP, IL-6, IL-10, D-
dimers, LDH, calprotectine or ferritin levels and severe forms of the
disease®’. However, only few studies correlated these markers
with DfSO, and very few information is available regarding their
levels in symptomatic patients before oxygen requirement. After
reviewing clinical trials with homogenized population, it appears
that CRP level gradually increases with WHO clinical progression
scale (Fig. 1). Indeed, WHO score 5 patients presented a median
CRP at ~100 mg/L, whereas in patient with WHO scores 6-9, CRP
levels were around 150 mg/L”®. However, the direct correlation
between CRP levels and each WHO score of severity has not yet
been demonstrated. Oxygen supplementation level is also a
promising indicator of COVID-19 course. Indeed, from the
RECOVERY preliminary report, patients without oxygen supple-
mentation at inclusion had a median DfSO of 6 days (IQR [3-10]),
while patients requiring oxygen supplementation had a median
DfSO of 9 days (IQR [5-12]), and those who needed IMV had a
median DfSO of 13 days (IQR [8-18])%.

Overall, several markers can be used to specify the disease
progression, such as DfSO, oxygen levels, biological inflammation
markers (including neutrophil to lymphocyte ratio) and radiologi-
cal scores®™''. Combining these data could provide an accurate
estimation of the disease stage.

SPRINGER NATURE
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According to the aforementioned information, we hereunder
suggest a five-step schematic clinical course of severe COVID-19,
where each phase could be a target for specific therapeutic
interventions: the first phase corresponding to the incubation
period (from infection to the day of symptoms onset (DfSO): DfSO
- 5 to 0, WHO score 1'); a second phase corresponding to the
viral phase (from symptom onset to dyspnea: DfSO 0-7, WHO
scores 2-4), a third phase corresponding to the state of
inflammatory pneumonia (DfSO 7-12, oxygen requirement, WHO
score 5, high acute phase reactant levels), a fourth phase
corresponding to the brutal clinical aggravation reflected by
acute respiratory distress syndrome (ARDS) (DfSO 12-18, high flow
oxygen, WHO scores 6-9, high acute phase reactant levels) and
finally, in survivors, the fifth phase potentially including lung
fibrosis, and/or persisting in the form of “post-covid” symptoms
(some cases pertaining to the long-covid status). Of note long-
COVID usually follows an infection with a benign course and its
physiopathology remains to be elucidated and will not be
discussed here.

TIMELINE OF THE IMMUNE RESPONSES IN SEVERE COVID-19

Incubation period (DfSO - 5 to 0)

The very first immune events following SARS-CoV-2 infection are
described in several animal models, mainly Angiotensin-
converting-enzyme (ACE)-induced transgenic mice and non-
human primates (NHP). Following inoculation, the virus infects
type 1 and 2 pneumocytes through the ACE2 receptor, leading to
Nuclear factor kappa B (NF-kB) pathway activation'>'*. Local
production of chemokines (CXCL-10, CCL-2, CCL-4) and cytokines
(IL-6, TNF-q, IL-1RA, IFN-a, IFN-B) is induced from day 1 post-
infection (DPI)'>""7, as observed in SARS-CoV and MERS-CoV
infections featuring chemokine (CCL-10, CCL-2, CCL-3) and
cytokine (IFN-a, TNF-q, IL-2, IL-12/23, IL-6) production from 1-3
DPI'82%, This first influx drives monocytes, plasmacytoid dendritic
cells and lymphocyte attraction to the lung peri-vascular and peri-
bronchial spaces from 2-3 DPI'>'6, preceding or concomitant with
the first symptoms.

Type | IFN have emerged as key early determinants of COVID-19
severity. Unlike other viral infections, SARS-CoV-2 induces little
amounts of IFN, primarily type | (a and B) and type Il (\)>"*2. Most
severe and critical patients exhibit low amounts of circulating type
I IFN and a diminished IFN blood signature. Moreover, inherited
deficiencies in IFN-l pathways and auto-antibodies against all IFN-I
subtypes have been associated with severe forms of COVID-
19%32% Virus escape-strategies from the IFN system have been
reported'®, through direct inhibition of IFN-I production and
signaling, as well as antagonism of IFN-I receptor by infection-
induced circulating 19G antibodies®>?°, This impairment of the
early IFN-I responses could result from direct inhibition of STAT-1
by SARS-CoV-2 NSP1 and ORF6, and subsequent compensatory
upregulation of the STAT-3 pathway, leading to coagulopathy in
part due to complement activation and cytokine production®’~%°,
Interestingly, IFN-IIl responses have also been reported to be
down-tuned and delayed in COVID-19, which could reflect an
abnormal immune response from infected epithelial cells at the
early stage®.

Second phase: from symptoms onset to dyspnea (DfSO 0-7)
At this stage, the production of pro-inflammatory cytokines
increases, likely produced by the immune cells recruited in the
lungs®". IL-6, IL-1B, TNF-a levels rise in the lungs, and increase in
plasma, accounting for the first symptoms®>23, In mice, the initial
transcriptional signature of immune cells in the lungs switches
from type | and Il IFN signaling, neutrophil recruitment and PRR
activation to cytokine signaling, type Il IFN and neutrophil
recruitment'®. Several other cytokines are also overproduced,
including IL-8, IL-10, IL-15"%"73%, as well as chemokines (CXCL-10,
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CCL-2, CCL-3, CCL-5, CXCL-17)">*5, leading to an increase in the
immune cell lung infiltration, extending to the alveolar space'>°.
This innate immune response allows for viral control with
decreasing viral replication®. During the first week following
symptoms onset, peripheral B lymphocyte counts increase, mainly
represented by double-negative B lymphocytes (lacking IgD and
CD27 expression) and plasmablasts in severe patients, reflecting
the absence of germinal center maturation and predominance of
extrafollicular responses®”~°. While at this step, specific antibodies
titers rise in non-severe COVID-19 patients with detectable specific
IgM and IgA from 5-7 DfSO, and specific IgG from 7-10
DfSO374%*, severe cases feature delayed antibody production
and lower proportion of neutralizing antibodies during the
first week of symptoms, but do not differ in terms of antibody
levels*'™*3, Interestingly, pre-immunization to human betacorona-
viruses could dampen the antibody response to specific SARS-
CoV-2 epitopes and theoretically mediate severity®'.

Third phase: from dyspnea to ARDS (DfSO 7-12)

Several longitudinal human studies described the immune
response kinetics from 6 DfSO and confirmed the global increase
in IL-6, TNF-a, IFN-y, but also IL-10, associated with an NF-kB
signature, as well as IL-8, IL-15, while they found discrepancies in
the circulating IFN-a2 levels®***#°, The STATs/IRFs pathways are
also activated and amplify the cytokine cascade, as shown for
STAT1/IRF3* and STAT3*~*°. The early over-production of IL-10
has been proposed as a specific feature of COVID-19 infection, and
could participate in the immune cell dysfunction and systemic
inflammation by over-activating CD8 T cells and mast cells®®".
Importantly, the elevated levels of TNF-a and IFN-y were reported
to have a synergistical effect on inflammatory cell death induction
in a mice model of COVID-19, and treatment with combined
neutralizing antibodies towards both cytokines were able to
prevent mortality and cytokine storm>2. Furthermore, G-CSF and
GM-CSF have been found to be elevated in both ICU and non-ICU
patients compared to healthy controls, and correlated with
severity of symptoms>>. Interestingly, the early cytokine signature
(before 12 DfSO) segregated patients with severe outcomes,
enlightening the importance of early immune events to predict
disease evolution®.

Following the second phase, patients with only moderate
disease likely develop functional specific CD4 Th1 and follicular
helper T cell (TFh) responses, including effector and central
memory subsets, that are able to tune down the inflammation,
as demonstrated in patients who were recovering from COVID-19,
but also from SARS-CoV and MERS-CoV infections®*>%. However,
severe patients do not mount an effective and functional T cell
response, they produce more inflammatory cytokines and
thus evolve towards the severe stage of the disease®®. These
findings are illustrated by the lower proportion of IFNy+ CD4
T cells observed in severe cases and in patients with comorbidities,
further linking impaired Th1 response with disease severity>*%°.
Moreover, dysregulation of TFh subsets might account for the
elevated number of circulating plasmablasts reported in severe
forms3”4%61 The failure in developing adequate T cell responses to
SARS-CoV-2 might be due to impaired antigen-presentation
abilities in dendritic cells, as observed during the first 3 weeks of
the infection, including reduced expression of costimulatory
molecules CD80/CD86, reduced proliferation and IFNy / TNF-a
production by T cells harboring both HLA-DR and PD-1 simulta-
neously®. This hypothesis is supported by the observation of HLA
class Il downregulation on myeloid cells®"3, a feature already
described in SARS-CoV-1 mice models®* that was associated in vivo
with IL-6, IL-8 and CXCL-10 production®® and that could be
potentially due to IL-6 in particular®®. Lastly, a decrease in
circulating plasmacytoid dendritic cell has been reported, possibly
due to recruitment in the lungs as shown in NHP and associated
with pro-inflammatory activity'”®2,

Mucosal Immunology (2022) 15:198-210
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Proposed model of immune responses kinetics in COVID-19
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Fig. 2 Proposed model of immune responses kinetics in COVID-19. IFN interferons, DfSO days from symptoms onset, ICU intensive care
unit, ARDS acute respiratory distress syndrome, NIV non-invasive ventilation, IMV invasive mechanical ventilation, *in patients with impaired

type | IFN response.

Fourth phase: ARDS (DfSO 12-18)
Patients with a severe form of Covid-19 develop hyperactivated
and dysfunctional T cells, mainly TH1 with evidence of impaired
contraction®” "%, and some with skewed phenotype towards TH2
and/or TH17 differentiation leading to production of IL-4, IL-5, IL-
13, IL-17A (a feature also observed in NHP models’® and shared
with SARS-CoV-1)>"*>7'72 A sustained inflammation with a
rebound in IL-6, IL-8, IL1-B, TNF-a from 10-16 DfSO33 leads to
complement activation (with reported elevation of soluble C5a
and over-expression of C5aR1 on both circulating and pulmonary
myeloid cells)**”3, as well as production of VEGF*?, increase in
circulating immature neutrophils and myeloid-derived suppressor
cells”*'** and exhaustion of T cell phenotype®*, thus driving
diffuse alveolar damage and ARDS. Interestingly, an over-
production of pro-inflammatory afucosylated IgG antibodies has
also been reported in ARDS patients. It correlates with severity and
might contribute to the inflammation loop through increased NK
cell degranulation and monocyte cytokine production’*”>. The
conjunction of myeloid cells activation, complement cascade
stimulation, systemic inflammation and viral-induced endotheliitis
may also lead to a pro-thrombotic state responsible for significant
morbi-mortality’®7®. At this stage, pneumonitis is associated with
a neutrophilic and lymphocytic infiltration®®. The late evolution of
ARDS in survivors features signs of pulmonary fibrosis, whose
mechanism remains to be elucidated®'

Overall, these data suggest an early immune response mediated
by epithelial cell cytokine and chemokine secretion, followed by
an increase in monocytes and inflammatory macrophages

Mucosal Immunology (2022) 15:198-210

responsible for systemic inflammation and notably IL-6 peaks
around 6-10 DfSO (Fig. 2). In severe forms, a deficiency in antigen-
presentation abilities by dendritic cell might prevent the genera-
tion of an appropriate Th1 T cell responses, leading to
uncontrolled inflammation and to ARDS. Finally, in ARDS survivors,
exhausted lymphocytes and recruitment of myeloid-derived
suppressor cell might contribute to a pro-fibrotic environment.

PROPOSED TIMEPOINTS FOR IMMUNE-INTERVENTIONS IN
COoVID-19

First phase or pre-emptive treatment: from inoculation to first
symptoms (DfSO—5 to 0, WHO score 1)

As previously stated, the early immune responses to COVID-19 are
driven by viral replication, peaking the day of symptom onset or
shortly before. Thus, pre-emptive treatment should provide
antiviral effects rather than counter-acting the initial immune
response (Fig. 3).

Although the SOLIDARITY trial did not report a beneficial effect
of subcutaneous interferon beta-1), recent phase 2 studies
reported positive effects of inhaled interferon beta-1 and
subcutaneous peginterferon lambda in the first and second phase
of the disease, keeping the door open for interferon-based
therapies at these stages®>"®*. Another point to consider is that
IFN beta at low dose was used in SOLIDARITY, and that different
IFN doses might have distinct antiviral efficacy. Moreover,
therapeutic strategies using other type | IFN subtypes, such as
alpha 2 or even other alpha-subtypes, as well as type Il (lambda)

SPRINGER NATURE
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Proposed timepoints for immune interventions in COVID-19
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Fig. 3 Proposed timepoints for immune interventions in COVID-19 IFN interferons, DfSO days from symptoms onset, ICU intensive care
unit, ARDS acute respiratory distress syndrome, NIV non-invasive ventilation, IMV invasive mechanical ventilation, *in patients with impaired

type | IFN response.

IFN, could induce different responses as observed with other
viruses such as hepatitis C virus.

Monoclonal antibodies directed towards the receptor-binding-
domain of the Spike protein have shown positive results at this
pre-emptive stage. Indeed, the association of Imdevimab and
Casirivimab could reduce the risk of symptomatic COVID-19 in
non-infected patients by 81% and by 31% in already infected but
asymptomatic patients®>. However, their high cost production and
relatively low availability especially in the pre-hospital setting
could restrict their use at a larger scale and overall should be used
at early stage only in patients at risk with no antibodies against
the virus, preferentially in patients with poor B cell response in
primary and secondary immune deficiency.

A recent screening of 1900 clinically safe drugs identified
masitinib, a Tyrosine-Kinase inhibitor, as a promising anti-viral
therapy. Indeed, masitinib was able to reduce in vitro SARS-CoV-2
replication by inhibiting the SARS-CoV-2 main protease 3CLpro®,
and should be further investigated in clinical trials.

Last, theorically, using anti-cytokine drugs such as JAK inhibitors
or anti-IL1/IL6 therapies at this stage could impair viral clearance
and increase direct viral toxicity. To our knowledge, no clinical trial
has evaluated the effect of a pre-emptive immunomodulatory
treatment in COVID-19, and therefore should not be used in
this stage.

At this step, ~60-80% of patients will evolve toward a
symptomatic disease®”%8,

Second phase or early treatment: from symptoms onset to
dyspnea (DfSO 0-7, no oxygen needed, WHO scores 2-4)
After a median incubation time of 5 days’', the innate immune
response triggers a decline in viral replication, circulating
monocytes are recruited in the lower airway tract and differentiate
into inflammatory macrophages, leading to increased cytokine
production and systemic inflammation, inducing inflammatory
damage®. Thus, at this stage the aim is more to prevent the
dysregulated immune response rather than fighting against
the viral replication. Therefore, this disease stage appears to be
theoretically the first launch window for immunomodulatory

SPRINGER NATURE

therapies, and possibly the optimal timepoint for therapeutic
interventions in order to prevent pneumonitis. However, as
most immunomodulatory drugs have been tested in patients
already receiving oxygen support, one can only speculate about
the benefits of an earlier administration, i.e., before oxygen
requirement.

Considering the positive results of anti-IL-6 therapies at the
latter stages of the disease, and taking into account the rather
long half-life of Tocilizumab (estimated at 10 days®), an earlier
administration in selected patients could be discussed. Moreover,
as pointed out by the RECOVERY trial, Tocilizumab was able to
reduce 28-day mortality in patients treated before 7 DfSO,
although almost all included patients were under oxygen support
at inclusion®’. This strategy should be further investigated.

As discussed above, GM-CSF antagonists have also shown
promising results in COVID-19 at a later stage, yet no study to date
has described the effect of an earlier treatment. However although
such a strategy could reduce myelopoiesis, monocyte recruitment
in the lungs and differentiation into inflammatory macrophages,
and could be even more beneficial®.

In contrast, dexamethasone seems to be not effective at this stage
and could even be deleterious. In the RECOVERY study, the use of
dexamethasone in patient without oxygen with a median at 6 DfSO
IQR [3-10], was not associated with improved survival (RR 1.19 (95%
Cl, 0.91-1.55)). In addition, in a retrospective multicenter study, the
use of glucocorticoids in patients with CRP < 100 mg/L was harmful,
but was beneficial when CRP was over 200 mg/L>>,

Convalescent plasma therapy could be beneficial at the earlier
stages, as suggested by animal studies showing a greater effect
when given early after inoculation, but this strategy has yet to be
tested in humans®®. In a small study using propensity-score
matched controls, authors reported a positive effect on oxygen
levels requirement and survival among 39 patients with severe
COVID-19, greater in patients treated before 7 DfSO%°. Moreover, a
recent randomized controlled trial including 160 elderly patients
(mean age 76.4 years old, SD 8.7) showed a reduced risk of
progression to severe COVID-19 when administered between 0
and 3 DfSO%. Interestingly, another randomized trial including
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333 slightly younger patients (median age: 62 years old (IQR
[53-72.5]) reported disappointing results, possibly because of late
administration (at a median of 8 DfSO (IQR [5-101))"’. It is likely
that the beneficial effect of convalescent plasma therapy relies on
its antiviral properties rather than its immunomodulatory effects,
and thus should be considered during active viral replication
phases, i.e., from inoculation to 7 DfSO, with the exception of
immunocompromised patients who display delayed viral clear-
ance as a consequence of late or no immune response
(particularly in patients with B cell deficiencies) and thus might
retain benefit at later timepoints®®.

Anti-Spike monoclonal antibodies could also be useful at this
stage: the aforementioned combination of Imdevimab and
Casirivimab was reported to reduce the composite risk of
hospitalization or death by 70-71% in high-risk non-hospitalized
infected patients®®, and the association of Bamlanivimab and
Etesevimab reduced the combined risk of hospitalization or death
among patients with mild to moderate COVID-19 in a large
randomized controlled trial (BLAZE-1 study1°°), yet Bamlanivimab
does not seem to retain activity against the actively spreading
L452R delta variant'®".

Other strategies are currently being investigated at this stage,
among which IL-7 agonists in lymphopenic patients
(NCT04407689), and anti-IL-4/IL-13 antibodies in hospitalized
patients (NCT04920916). Despite several calls for investigation, a
strong rationale and promising observational data in patients
treated for inflammatory bowel disease, phase | and Il studies
evaluating the effects of a TNF-alpha antagonist strategy are
scarce and a few are ongoing (NCT04425538, NCT04705844)'02103,
Anti-PD-1 agents are also investigated in obese COVID-19 patients
treated before 7 DfSO, aiming at reducing the associated immune
dysfunction and thus improve survival'®.

Overall, immunomodaulation is a theoretical promising approach
at this timepoint and could slow down the evolution towards
pneumonitis, but this hypothesis needs to be confirmed. More-
over, initiating immunomodulation at this stage exposes to the
risk of over-treatment and thus would require accurate predictive
scores to better select high-risk patients who could benefit of such
an approach. However, immunosuppressive therapies (i.e., high-
dose steroids) does not seem to be effective, and could even be
harmful.

At this step, nearly 19% of symptomatic patient will develop
dyspnea and require oxygen therapy'®.

Third phase treatment: from dyspnea to ARDS (DfSO 7-12,
oxygen requirement, WHO score 5, high acute phase reactant
levels)

When symptoms evolve and require hospital admission, emer-
gency immunomodulatory therapies could prevent the evolution
into an auto-amplifying inflammatory loop leading to ARDS.
Dexamethasone was the first therapy that showed reduction of
28-day mortality in patients who were receiving oxygen without
ventilatory support and only in patients treated after 7 DfSO
(Table 2A). In another study, glucocorticoids were effective on
mortality only in patients with WHO score 5 (receiving oxygen >3
L/min) and in patients with CRP level >100 mg/L'% (Table 2A).
Dexamethasone is now recommended at this stage by the WHO
and National Institutes of Health'®”.

Several trials assessed the effect of IL-6 antagonists at this step,
with contrasting results. In the RECOVERY trial, Tocilizumab was
not significantly associated with better survival in patients with
oxygen only and in patients with non-invasive ventilation (RR 0.84;
95% Cl, 0.69-1.03 and RR 0.86; 95% Cl, 0.74-1.01, respectively)’".
The EMPACTA trial showed a reduction of the composite risk of
intubation or death in patients with WHO score 5 treated by
Tocilizumab'® and the CORIMUNO-19 study also showed a
potentially beneficial effect of Tocilizumab in patients with WHO
score 5 at 14 DfSO'®. On the other hand, the TOCIBRAS''®,
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COVACTA'", BACC Bay''?, COVINTOC'"® or RCT-TCZ-COVID-19""*
trials did not detect a positive effect of Tocilizumab in WHO score
5 patients, as well as with Sarilumab''®. Finally, a recent meta-
analysis of prospective randomized clinical trials conducted by the
WHO pinpointed a reduction in the all-cause mortality risk at
28 days (OR 0.86 (95% Cl, 0.79-0.95; P=0.003) for all IL-6
antagonists, OR 0.83 (95% Cl, 0.74-0.92; P < 0.001) for Tocilizumab,
and OR 1.08 (95% Cl, 0.86-1.36; P = 0.52) for Sarilumab), but also
with a lower risk of progression to IMV, cardiovascular support,
and kidney replacement therapy in patients receiving IL-6
antagonists included in randomized controlled trials''®. Although
no precise data on timing of administration was provided, the OR
for 28-day mortality were lower in patients treated while under
oxygen support <15L/min than in patients requiring IMV at
treatment initiation, and lower in patients co-treated with
corticosteroids. The use of Tocilizumab has consequently been
recently incorporated in the WHO Guidelines for Covid-19
management' ",

Targeting IL-1 at this stage remains controversial. The pre-
liminary results from the randomized controlled trial ANACONDA
suggested a detrimental effect' '®'%° and the randomized clinical
trial CORIMMUNO-ANA-1 did not report an improvement in
patients treated at a median of 10 DfSO whatever the end point
(survival, duration of oxygen requirement, etc)'?'. Another IL-1
antagonist, targeting IL-1beta, failed to improve survival at day-29
in hypoxic patients treated before mechanical ventilation'?%.
However, a recent phase Il trial reported a protective effect of
Anakinra when administered in selected patients with increased
soluble urokinase plasminogen activator receptor at a median of 9
DfSO, reducing 28-days mortality (Hazard ratio 0.45), and a meta-
analysis including 15 retrospective and prospective studies for a
total of 757 patients treated with Anakinra found a protective
effect on 28-day mortality (OR 0.34; 95% Cl, 0.21-0.54), mainly
administered in patients with either strong inflammatory features
or severe COVID-19 pneumonia, leaving the door open for IL-1
antagonists at this stage'?*'%*,

JAK-inhibitors have also been evaluated in COVID-19, and
showed promising results, possibly counter-acting the strong type
1 IFN signature reported in immune cells lung infiltrates, as well as
reducing signaling of other inflammatory cytokines®"'%°. In a large
randomized controlled trial, Baricitinib, a JAK1/2 inhibitor,
administered at a median of 8 (IQR [5-10]) DfSO, reduced the
time to recovery when associated with Remdesivir and compared
to Remdesivir alone, especially in WHO scores 5 and 6 patients'?®.
In another large randomized controlled trial, Tofacitinib, a JAK1/3
inhibitor, significantly reduced the cumulative risk of death or
respiratory failure at day-28 (RR 0.63; 95% Cl, 0.41-0.97; P = 0.04)
in patients with COVID-19 pneumonia not requiring mechanical
ventilation at inclusion, at a median of 10 (IQR 7-12) DfsO'*’
(Table 2C). Overall, these data suggest a beneficial effect of JAK-
inhibitors in patients with severe COVID-19 and requiring oxygen
support, but before mechanical ventilation and ARDS. However,
these JAK inhibitors by blocking JAK1 may impair type 1 IFN
signaling required for virus clearance.

Likewise, IFN-I recombinant therapy could be beneficial also at
this stage in the subgroup of patients with impaired type 1 IFN
response and may prevent the evolution towards ARDS™.

Several studies reported promising results from GM-CSF
antagonists in COVID-19, and a recent randomized controlled trial
found a 65% reduction in the risk of mechanical ventilation or
death at day 29 in non-mechanically ventilated patients with
hypoxia and severe COVID pneumonitis treated with Mavrilimu-
mab (an anti-GM-CSF receptor alpha antibody) (HR 0.36, p =
0.0175, press release'?®). Furthermore, anti-GM-CSF antibodies
appear to be effective in patients aged over 70 years old and
hospitalized for severe COVID-19, as results from the phase Il
OSCAR trial (evaluating the drug otilimab) reported a higher
probability of being alive and free of respiratory support at day 28,
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(-17.1-12.0) HR 0.97

CORIMUNO-ANA-1'?"
ARD -2.5%, 90% ClI
90% Cl (0.62-1.52)

Reduction of 71.3%,

Weinreich et al.'*®
p <0.0001

Dougan et al.'®
RRD 70%, p < 0.001)

O'Brien et al.?®
RRR 81.4%, p < 0.001

=0.04

Guimaries et al."**
RR 0.63 95% CI
(0.41-0.97) p

Better efficacy when

0.03

RR 1.16 95% CI (1.01-1.32)

Kalil et al.'®
p
Significant effect on

0.001

Hung et al.’*3
HR 4.37 95% ClI
(1.86-10.24) p

Efficacy when

Table 2 continued

Reference
Results on
primary
outcome
Comment on
time to

SPRINGER NATURE

used >11 DfSO (RR

0.27 95% Cl
(0.08-0.92)

recovery time reduction in

administration <7

1.51 95% ClI (1.10-2.08))No

WHO class 6 patients (RR
difference when

DfSO but not when
>7 DfSO

injection

administration <10 DfSO

or >10 DfSO
RCT randomized clinical trial, C/ confidence interval, NA not available, DfSO days from symptoms onset, ARDS acute respiratory distress syndrome, CRP C-reactive protein, WHO world health organization, HR

hazard ratio, RR rate ratio, RRR relative risk reduction, RRD relative risk difference, ARD absolute risk difference.

as well as a reduced 60-day mortality'?®. Anti-VEGF antibodies
could also be helpful at this stage by reducing oxygen-support
duration in patients with hypoxemic pneumonia through modula-
tion of abnormal vascularization but also by a immune modulatory
effect'3°. While the c-Kit inhibitor Masitinib will be investigated for
it's promising antiviral action, another phase Il clinical trial also is
currently evaluating its effect in non-ICU hospitalized patients with
moderate to severe COVID-19 pneumonia in association with a
disulfide isomerase inhibitor, Isoquercetin'®'. State of the art
randomized controlled trials will be warranted to confirm these
promising signals.

Overall, at this stage, while glucocorticoids seem to be the main
therapeutic option, there might be room for immunomodaulation.
Moreover, a synergistical effect of Tocilizumab and Dexametha-
sone has been reported in the RECOVERY trial, (increase survival of
the combinational treatment when compared to Tocilizumab
alone (RR 0.80; 95% Cl, 0.70-0.90, compared to RR 1.16; 95% Cl,
0.91-1.48, respectively)®', and is currently investigated in the
dedicated TOCIDEX trial, in comparison to Dexamethasone
alone'2,

After this phase, 5% of patients will require ICU and 2.3% will
need IMV'®,

Fourth phase: ARDS (DfSO 12-18, high flow oxygen and
mechanical invasive ventilation, WHO score 6-9, high acute
phase reactant)

At this stage, patients present with a severe pneumonia featuring
increased lung infiltration by neutrophils and activated lympho-
cytes, leading to severe local inflammation and organ damage,
causing ARDS®. Patients requires IMV (WHO score 7-9). Thus, the
main goal is to suppress the existing inflammatory lung infiltration
without being too deleterious regarding late viral clearance and
secondary ICU bacterial infections.

To this end, Dexamethasone has shown the most encouraging
results. Indeed, in the RECOVERY report, the greater efficacy of
Dexamethasone on mortality was observed in intubated patients
(RR, 0.64 (95% Cl, 0.51-0.81))%. Accordingly, the REMAP-CAP study
also suggested a benefit for hydrocortisone in ICU COVID-19
patients'>® (Table 2A).

Immunomodulation also appears to be effective at this later
stage. Indeed, while in the RECOVERY study Tocilizumab was not
associated with better survival at day 28 when used in intubated
patients (possibly because of premature timepoint)®', in the
REMAP-CAP report, Tocilizumab and Sarilumab improved out-
comes including survival at 90 days in critically ill patients.
Moreover, a large retrospective study of patients admitted in ICU
showed that Tocilizumab was associated with increased survi-
val'®*, whereas a post-hoc analysis of the COVINTOC trial
suggested that Tocilizumab could be effective in patients with
score 6 and more''®. Finally, in the international double blind
randomized clinical trials Sarilumab increased survival by 8.9% in
WHO class 6 patients (of whom only 20% also received
corticosteroids), but this difference was not statistically significant
(p:0.25)”5. Overall, Tocilizumab is now recommended at this
stage by the WHO and FDA'3*>'36,

Moreover, the previously discussed anti-JAK1/3 antibody
Tofacitinib could also be considered at this stage in patients
receiving high-flow oxygen; as the recent randomized controlled
trial reported a trend in the reduction of the combined risk of
death or respiratory failure in WHO ordinal scale 6 patients (OR
0.62, (95% Cl [0.15-1.79]))'*’.

Complement-mediated inflammation can be induced directly
by SARS-COV-2 surface proteins, elevated levels of C5a and
an association between sC5b-9 and PO2/FiO2 have been reported
in ARDS, making complement-targeted therapies a promising
option to reduce inflammation and coagulopathy, with interesting
results from early studies, but disappointing results from the
ALEXION trial in WHO class 5 and above patients’>'37714°,
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Anti-VEGF agents could also be beneficial at this stage through
modulation of the abnormal angiogenesis and potential immu-
nomodulatory effects, and should be further evaluated in patients
requiring mechanical ventilation.

Last, anti-fibrotic therapies have also been discussed in ARDS
patients, although their benefit remains to be proven'"'*,

CONCLUSION & PERSPECTIVES

While antiviral therapies, because of the lack of highly efficient
drugs apart from vaccination, showed disappointing results,
immune interventions have proven to be beneficial in COVID-19,
but the best drugs and timing for their administration has yet to
be determined®. After reviewing basic science studies and clinical
trials data, we have shown that COVID-19 infection is character-
ized by a stereotyped pattern of immunological events, one
leading to another, and thus follows a reproducible timeline of
immune dysregulation steps, each representing potential targets
for immune interventions. Overall, severe COVID-19 course begins
with an imbalanced innate immune cells activation, leading to
defective antigen presentation and impaired T & B cell responses,
altogether contributing to increasing and unrestrained systemic
inflammation and ARDS. To this date, immune interventions have
shown beneficial effects in patients with WHO score 5 and forward
disease. Considering existing data on COVID-19 clinical, virological
and immunological kinetics, we propose to also discuss earlier
immunomodulation to prevent the rise of an auto-inflammatory
loop. Such an approach could counter-act the serial immune
events leading to hyperinflammation, while immunosuppression
should be preferred at a later stage. In order to repurpose immune
interventions in COVID-19 patients before oxygen requirement,
clinical and biological milestones of the disease evolution (such as
dyspnea occurrence, oxygen supplementation requirement, WHO
score, surrogate markers of inflammation) should be considered
as indirect markers of COVID-19 stage and taken into account
in treatment decision. Moreover, as only a small proportion
of patients will evolve towards severe forms and ARDS,
the development of predictive clinical and biological markers will
be crucial in determining which patients should be treated at the
early stage of the disease. While the therapeutic arsenal against
severe COVID-19 increases, further studies will be needed to refine
treatment strategies and characterize the best treatment recipi-
ents especially when comparing two drugs beneficial at the same
disease stage (i.e, JAK inhibitors and IL-6 antagonists). Lastly,
additional studies will be needed to better understand both
COVID-19 pulmonary sequelae and the long COVID physiopathol-
ogy, with the perspective of specific therapeutic approaches.
Overall, we believe that a timely approach is crucial to understand
COVID-19 pathogenesis and to define therapeutic intervention
thresholds, and may be extrapolated to other severe respiratory
viral infections, such as influenza infection.
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